Mesenteric ischemia reflexly activates the cardiovascular system. In addition, mesenteric ischemia and reperfusion generate reactive oxygen species. However, the ability of these short-lived reactive oxygen species to generate cardiovascular reflexes is unknown. We therefore investigated cardiovascular reflexes induced by serosal application of hydrogen peroxide (H202) 
(H202), and hydroxyl radical (.OH). In the presence of "catalytic" iron ions, 02-and H202 interact to form highly damaging species such as *0H.13 Unlike 02--and *OH, H202 crosses cell membranes readily. 13 Although reactive oxygen species are known to be involved in ischemia-reperfusion injury to the gastrointestinal tract," information about their direct action on neuronal function is limited. Colton et al14 observed synaptic depression following application of xanthine and xanthine oxidase mixtures to the squid giant synapse and the lobster neuromuscular junction. H202 was a major contributor to the effects observed.14 A preliminary report from Rozsa and Leung15 demonstrated that intraduodenal administration of very large concentrations of H202 (7 or 14 M) induced biphasic changes in blood pressure and intestinal blood flow in the rat that were inhibited by hexamethonium and guanethidine. Thus, some evidence suggests that reactive oxygen species may modulate neuronal function. Since the endings of abdominal viscera afferents are more closely associated with the serosal than the mucosal lining of abdominal viscera,16 we decided to investigate the cardiovascular response to serosal application of H202 to abdominal visceral organs in the anesthetized cat. H202 was selected because it is known to be generated during ischemia and reperfusion and to be capable of crossing cell membranes. 13 To achieve localized application of H202 to a specific organ, we applied very small amounts of concentrated H202 solutions directly to the tissues in question. Our results show that H202 induces reflex excitation of the cardiovascular system, and that this effect may be mediated by hydroxyl radicals.
Materials and Methods Surgical Preparation
Studies were performed on adult cats of either sex (2.5-5.2 kg). Anesthesia was induced by injection of ketamine (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) mg/kg i.m.) followed by bolus intravenous injection of a-chloralose (50-80 mg/kg). Additional injections of a-chloralose (5-10 mg/kg i.v.) were given as needed to maintain an adequate depth of anesthesia. The trachea was intubated, and respiration was maintained artificially (Harvard pump, model 661, Ealing, South Natick, Mass.). The dP/dt signal. A ventral midline incision exposed the abdominal viscera. Subsequently, the gallbladder, stomach, and proximal duodenum were positioned so that they were isolated from the rest of the abdominal organs. In six cats, a midline sternotomy was performed and an electromagnetic flow transducer was positioned on the ascending aorta. All measurements were recorded continuously on an electrostatic recorder (model ES1000, Gould, Cleveland, Ohio).
Care was taken to ensure that the exposed viscera were moistened adequately with saline solution at 37°C throughout the experiment. Arterial blood gases and pH were measured periodically in all animals with a blood gas analyzer (Radiometer ABL-3). These Deferoxamine studies. In five animals, H202 (290 mM) was applied to the gallbladder while hemodynamic parameters were monitored. The effects of iron chelation on H202-induced cardiovascular effects were evaluated after intravenous administration of 10 mg/kg deferoxamine (DEF) (Sigma). DEF was dissolved in normal saline and infused over 30 minutes. The animal was rechallenged with H202 5-10 minutes after completion of DEF infusion and at least 30 minutes after the initial application of H202. Bradykinin (1 ,ug/ml) was then applied to the serosal surface of the lower intestinal tract or colon to demonstrate that the preparation was still reflexogenic.
A control group of four animals received iron-loaded DEF as described by Hatherill et al.21 Briefly, ironsaturated DEF was prepared by adding 98 mg FeCl3 6H20 to 1 ml DEF (250 mg/ml) for 1 hour at room temperature. After the initial response to H202, iron-loaded DEF (10 mg/kg) was infused over 30 minutes. The animal was rechallenged with H202 [5] [6] [7] [8] [9] [10] minutes after completion of the iron-loaded DEF infusion.
Aspirin studies. In six animals, H202 (290 mM) was applied to the gallbladder while hemodynamic parameters were monitored. Ganglionectomy Studies H202-induced MAP changes were eliminated by removal of the superior mesenteric and celiac ganglia in four cats. Thus, H202 increased MAP from 109±9 to 155 ±6 mm Hg (p<0.05) before ganglionectomy, but did not change MAP after ganglionectomy. H202-induced LV dP/dt and heart rate changes also were inhibited after ganglionectomy. In contrast, application of bradykinin (1 ,gg/ml, total dose 142 pmol) to the lower intestinal tract or colon increased MAP and systolic LVP, demonstrating that reflex activation of the cardiovascular system was still possible. Figure 4 is a representative tracing from one cat following application of 290 mM H202 to the gallbladder before (panel A) and after (panel B) DMTU (10 mg/kg i.v.) treatment. We observed an increase in MAP, systolic LVP, and LV dP/dt after application of H202 (panel A). Intravenous administration of DMTU did not alter baseline MAP, dP/dt, or systolic LVP. We observed that DMTU inhibited the H202-induced cardiovascular effects. In contrast, application of bradykinin (1 ,ug/ml, total dose 142 pmol) to the gallbladder increased MAP, systolic LVP, and LV dP/dt, demonstrating that reflex activation of the cardiovascular system was still possible. In four cats, H202 increased MAP from 102± 8 to 138 mm Hg (p<0.05) and from 104±5 to 106±7 mm Hg (NS) before and after DMTU (10 mg/kg) treatment, respectively. DMTU significantly attenuated H202-induced increases in MAP, LV dP/dt, and systolic LVP.
Dimethylthiourea Studies
Deferoxamine Studies Figure 5 is a representative tracing from one cat following application of 290 mM H202 to the gallbladder before (panel A) and after (panel B) DEF (10 mg/kg) treatment. We observed an increase in MAP, systolic LVP, and LV dP/dt after application of H202 (panel A). Treatment with DEF inhibited the H202-induced cardiovascular effects. In contrast, application of bradykinin (1 ,gtg/ml, total dose 142 pmol) increased MAP, systolic LVP, and LV dP/dt, demonstrating that reflex activation of the cardiovascular system was still possible. Figure 6 summarizes the MAP data from five cats before and after treatment with DEF (10 mg/kg, panel A). DEF is not only a chelator of iron ions, but also a free radical scavenger. However, iron-loaded DEF scavenges free radicals equally well, although it cannot bind further iron.22 DEF significantly (p<0.05) attenuated H202-induced increases in MAP (Figure 6) 53+8 and 50±6 mm Hg (NS) before and after ASA (50 mg/kg) treatment, respectively. Discussion The results of this study provide evidence that serosal application of the reactive oxygen species H202 to the stomach, gallbladder, or duodenum results in excitation of the cardiovascular system. Furthermore, the cardiovascular response is the result of reflex activity, since it is abolished by celiac and superior mesenteric ganglionectomy. In this regard, application of H202 to the serosal surface of the stomach increased MAP, systolic LVP, heart rate, LV dP/dt, LV dP/dt at 40 mm Hg developed pressure, and systemic vascular resistance. This activation of the cardiovascular system is similar to that observed during stimulation of the gallbladder, pancreas, or stomach with histamine, bradykinin, or capsaicin.8,"6, '8 Our findings are consistent with the preliminary data presented by Rozsa and Leung,15 who showed that intramucosal administration of 0.5 ml H202 (7.35 In the presence of transition metals, particularly iron, H202 can form reactive radicals such as *OH by the metal-catalyzed Haber-Weiss reaction.1" Indeed, such reactive radicals are frequently responsible for H202-mediated damage.'3 To investigate more thoroughly the mechanism of the H202-induced cardiovascular reflex, DEF was administered to bind iron and inhibit -OH formation.13,22 DEF was found to inhibit H202-induced stimulation of the cardiovascular system. These data suggest that hydroxyl radicals contribute to H202-induced reflex excitation of the cardiovascular system. Although DEF has some radical-scavenging properties, the failure of iron-loaded DEF to prevent these reflex responses suggests that iron binding is responsible for its action, since iron-loaded DEF is an equally good radical scavenger. An important consideration arising from these data is whether the concentrations of H202 used in this study were in the physiological, pathophysiological, or pharmacological range. Reactive oxygen species are produced following mesenteric ischemia and reperfusion.12
Nilsson et al'2 demonstrated that reactive oxygen species are produced after abdominal ischemia and reperfusion at a rate of 0.3-0.6 ,mol * min`m 100 g intestine`1 during the first 30 minutes of reperfusion.
However, identification of the specific reactive oxygen species was not possible. Serosal application of only 0.4 ,umol H202 (i.e., 2.9 mM stock concentration) to the gallbladder stimulated the cardiovascular system (Figures 1 and 2 ). Given that H202 readily enters cells and is rapidly metabolized by catalase and glutathione peroxidase enzymes, it is likely that much of the H202 applied to the serosal surface was diluted or degraded considerably by the time H202 diffused into the interstitium, reacted with iron to form hydroxyl radicals, and activated the afferent endings. We also observed bubbling after H202 application to the organs, which is consistent with catalase activity. Therefore, the concentration of H202 arriving at the afferent ending would have been far less than that applied. We also demonstrated that two consecutive applications of H202 (290 mM) to the gallbladder yielded similar increases in MAP and LV dP/dt (see "Results"). If this H202 concentration resulted in serosal cell injury or death to the sensory nerve ending, one would not expect to observe a similar repeatable excitation of the cardiovascular system. Thus, our data suggest that the potential exists in vivo for free radical-induced cardiovascular reflexes of abdominal origin.
Abdominal ischemia activates abdominal visceral afferents69,10 and invokes reflex excitation of the cardiovascular system.3'4 Ischemically sensitive abdominal afferents are activated by hypoxia,6 lactic acid,9 and prostaglandins./ We have shown previously that cyclooxygenase blockade significantly attenuated the increased impulse activity of ischemically sensitive afferents.10 Reactive oxygen species may also activate these endings during ischemia or hypoxia, since relatively low oxygen tensions are sufficient to generate reactive oxygen species. 29, 30 Further electrophysiological studies on the importance of reactive oxygen species' contribution to the activation of ischemically sensitive abdominal visceral afferents are warranted.
Application of other chemical mediators, such as bradykinin, to the epicardial surface of the dog heart results in pressor,31 depressor,32 or variable responses,33 whereas the cat elicits a pressor response.32,33 The reasons for these varying responses in dogs is unknown, but they may be related to the level of anesthesia or dose of bradykinin. It is unknown whether a pressor response would be observed following application of H202 to the abdominal viscera in other species.
In conclusion, application of H202 to the serosal surface of abdominal viscera in cats dose-dependently invokes reflex excitation of the cardiovascular system. Cardiovascular excitation includes increased systolic LVP, MAP, myocardial contractility, heart rate, and systemic vascular resistance. The afferent pathway passes through the celiac and superior mesenteric ganglia. The H202-induced reflex is iron-dependent, suggesting that hydroxyl free radicals or other reactive species mediate part of the reflex.
